Chemoresistance is a major hurdle in the management of patients with epithelial ovarian cancer and is responsible for its high mortality. Studies have shown that chemoresistance is due to the presence of a subgroup of cancer cells with stemness properties and a high capacity for tumor repair. We have developed a library of super-benzopyran analogues to generate potent compounds that can induce cell death in chemoresistant cancer stem cells.
Introduction
Epithelial ovarian cancer is the most lethal of all gynecologic malignancies and the fourth leading cause of overall cancer deaths in women (1) with a dismal 5-year survival rate of 45.9% (2) . Current standard of care consists of surgical debulking and adjuvant chemotherapy with platinum and taxane to which more than 80% of patients respond. Unfortunately, the majority of these patients eventually exhibit relapse (3) , and upon disease recurrence, the value of the standard of care is limited by the presentation of carcinomatosis and chemoresistance. As such, the majority of patients with recurrent ovarian cancer eventually succumb to the disease.
Minimal advancement in the treatment of recurrent ovarian cancer has been made in the past decade. Most recent studies have highlighted the heterogeneity of ovarian tumors, and the current understanding is that inherently chemoresistant cancer stem cells that are not removed by surgery and survive first-line chemotherapy are able to recreate the tumor and cause disease recurrence (4) (5) (6) (7) (8) . Our group and others have demonstrated that within the heterogeneous tumor, CD44
þ ovarian cancer cells represent the chemoresistant phenotype and, particularly, that the CD44 þ /MyD88 þ ovarian cancer stem cell (OCSC) population represents the cancer cell type that can repair and rebuild the tumor (9) (10) (11) (12) (13) . This cell population, therefore, represents the therapeutically relevant subtype that should be specifically targeted to prevent recurrence and improve patient survival. Our group has successfully used this system to establish screening models for the identification of better therapeutic options for ovarian cancer (14) (15) (16) (17) .
Flavonoids are a group of polyphenolic compounds found in plants that are characterized by a benzo-y-pyrone structure (18) and known to possess antitumor properties by inducing mitotic arrest and apoptosis (19) . We have identified the core molecular structure required for benzopyran compounds to exert these functions and using this pharmacophore, we have created firstand second-generation drugs that exhibit significant activity against several types of cancer, including ovarian, both in vitro and in vivo. Phenoxodiol and triphendiol are first-generation compounds that have been shown to induce caspase-mediated cell death (20) (21) (22) (23) (24) (25) . In ovarian cancer, phenoxodiol acts as a chemosensitizer and thus lowers the IC 50 for standard-of-care chemotherapy agents (20-22, 26, 27) . NV-128 is a second-generation super-benzopyran (SBP) compound with a slightly more complex structure and more potent antitumor property, including activity against chemoresistant OCSC. Interestingly, NV-128 had a unique mechanism of action, such that in contrast to phenoxodiol, which induced apoptosis, NV-128 induced caspase-independent cell death by targeting mitochondrial bioenergetics (14, 28) .
To generate antitumor compounds with improved potency, we developed third-generation SBP analogues and screened them against chemoresistant OCSCs. In this study, we report the full preclinical work for TRX-E-002-1. We demonstrate the potency of this compound in vitro against chemoresistant OCSCs, and in vivo against an ovarian cancer mouse model, both at primary disease, and given as maintenance treatment. Furthermore, TRX-E-002-1 induces cell death by the activation and enhanced expression of cJun, leading to the induction of caspases.
Materials and Methods
Cell cultures and conditions CD44 þ /MyD88 þ OCSC clones (OCSC1 and OCSC2) and CD44 À /MyD88 À ovarian cancer cells (OCC1 and OCC2) were isolated from either tumor tissue or ascites. These patient samples were obtained from patients at Yale New Haven Hospital (New Haven, CT) who were diagnosed with stage III/IV serous ovarian cancer and propagated as described previously (9, 10, 14, (28) (29) (30) (31) (32) (33) 
Reagents and treatments
The SBP panel was obtained from Novogen Ltd. The synthesis of the SBP library was completed using a 4-step process comprised of acylation of a phenolic compound with a benzoic acid under phosphorous oxychloride/zinc chloride conditions; a cyclization using a substituted acetic acid; and Heunig's base, a global deprotection and partial reduction using a borane reagent and final catalytic reduction using palladium-based catalyst. The racemate was separated into two enantiomers using chiral SFC conditions with a Chiralcel OD-H column and carbon dioxide and methanol as mobile phases. Detailed synthetic information can be found in the WIPO patent no. WO2015117202. SP600125 and U0126 were obtained from Tocris (Bio-Techne). Cisplatin and paclitaxel used for in vitro testing were obtained from SigmaAldrich, Corp. For in vivo studies, cisplatin and paclitaxel were obtained from Mylan Institutional and APP Pharmaceuticals, respectively.
Real-time measurement of cell number and cell death and calculation of IC 50 Effect of each compound on cell morphology, growth, and viability was assessed using a kinetic Live-Cell Imaging System (IncuCyte, Essen BioScience). Proliferation was calculated as described previously (28, 34, 35) using metrics from either confluence or fluorescent count from nuclear-restricted RFP or GFP. Cell death was quantified similarly using CellTox Green Cytotoxicity Assay (Promega). IC 50 was calculated as described previously (34) using GraphPad Prism (GraphPad Software Inc).
Caspase activity
Total protein was extracted and measured as described previously (19) . Activity of caspase-3/7 and caspase-9 was quantified using Caspase-Glo Assay (Promega).
Western blot analysis
SDS-PAGE and Western blot analysis were performed using 20 mg of total protein lysate as described previously (19) . Antibodies used were mouse anti-phospho ERK (Santa Cruz Biotechnology, Inc); rabbit anti-phospho c-Jun, rabbit anti c-Jun, rabbit anti-ERK, and rabbit anticleaved caspase-3, all from Cell Signaling Technology; and mouse anti-GAPDH (Sigma-Aldrich).
Mouse xenograft studies
The Yale University Institutional Animal Care and Use Committee approved all in vivo studies described. Intraperitoneal tumors were established in athymic nude mice using 4 Â 10 6 mCherry þ OCSC1-F2 ovarian cancer cells as described previously (35) . Injection of cancer cells is designated as day 0, and treatment commenced between days 3 to 5. Establishment of intraperitoneal tumors was confirmed by live imaging (In-Vivo FX PRO, Bruker Corp) prior to treatment (36) . TRX-E-002-1 was prepared in 20% sulfobutyl ether beta-cyclodextrin and administered daily at 50 or 100 mg/kg. Paclitaxel was given at 12 mg/kg every three days and cisplatin at 5 mg/kg weekly. All treatments were given intraperitoneally. Tumor growth was monitored every three days by live imaging, and response to treatment was assessed using (region of interest) ROI area as described previously (36, 37) . Animals were sacrificed when tumor burden reached ROI ¼ 120,000.
Statistical analysis
Data were graphed and analyzed using GraphPad Prism. Significance was calculated using two-way ANOVA with Dunnett correction for multiple comparisons, and P < 0.05 was considered significant.
Results

Identification of TRX-E-002 as a potent inducer of OCSC death
Our first objective was to identify potent SBP analogues from a panel of four different SBP subfamilies with cytotoxic activity against chemoresistant OCSCs. The analogues were screened against two clones of chemoresistant OCSCs (OCSC1 and OCSC2), which have demonstrated resistance to a variety of chemotherapeutic agents and thus represent the therapeutically relevant ovarian cancer cell subtype (9, (38) (39) (40) . The efficacy of each analogue was based on its IC 50 . Once an analogue demonstrated efficacy in the micromolar range, structural modifications were made using an iterative structure activity screening methodology, with the goal of increasing potency and achieving an IC 50 in the nanomolar range. Of 40 analogues screened, we identified TRX-E-002, which was cytotoxic against the two clones of chemoresistant OCSCs with IC 50 values < 0.245 mmol/L (Fig. 1A) .
In vitro, conventional chemotherapeutic agents had negligible effect on OCSC growth even in the micromolar range ( Supplementary Fig. S1 ). In contrast, TRX-E-002 showed a persistent growth-inhibitory effect at these low concentrations (Fig 1B) . Microscopic evaluation of the cultures showed a higher percentage of apoptotic cells in the TRX-E-002-treated cultures compared with those treated with cisplatin or paclitaxel ( Supplementary Fig. S1 ). These results demonstrate that TRX-E-002 induces a rapid, persistent, and significant antitumor activity at low concentrations.
TRX-E-002-1 (enantiomer 1) is the active component of TRX-E-002
TRX-E-002 exists as a racemic mixture comprised of two enantiomers, enantiomer A (TRX-E-002-1) and enantiomer B (TRX-E-002-2). Thus, the enantiomers were separated and assessed separately. To distinguish between the cytostatic or cytotoxic activity of an analogue, we used OCSC clones that are stably transfected with nuclear-restricted RFP, which allows an accurate quantification of the number of cells and can be multiplexed with CellTox Assay to concomitantly measure the number of dead and viable cells. We observed evidence of selective enantiomeric activity for enantiomer 1 or TRX-E-002-1, which elicits a significant decrease in the number of nuclear RFP þ cells ( Fig. 1C and Supplementary
Movie S1A and S1B) and a concomitant increase in the number of CellTox-positive cells (Fig. 1D ) beginning at the 0.245 mmol/L dose. In contrast, TRX-E-002-2 was mostly ineffective except for the very high dose of 10 mmol/L ( Fig. 1E and F) . Figure 1G shows the morphologic changes associated with the effect of these compounds on OCSC2. The IC 50 for TRX-E-002-1 was 47 nmol/L, whereas the IC 50 for TRX-E-002-2 was 10.03 mmol/ L (Fig. 1H ). On the basis of these results, TRX-E-002-1 was used as the active pharmaceutical ingredient to further characterize the cytotoxic effect on ovarian cancer cells.
Activity of TRX-E-002-1 against heterogeneous ovarian cancer cells
Once we established the efficacy of TRX-E-002-1 against chemoresistant OCSC, we determined its activity against two clones of chemosensitive ovarian cancer cells (OCC1 and OCC2; ref. 28 ). Our results show that TRX-E-002-1 was effective against both clones and was able to decrease the percentage of viable cells in a dose-dependent manner, with IC 50 ¼ 68 nmol/L and 27 nmol/L for OCC1 and OCC2, respectively ( Supplementary Fig. S2A ).
It is possible that response to chemotherapy may be modified by cross-talk among different cancer cell types within the tumor. Thus, to mimic the heterogeneity of ovarian tumors, we used an in vitro coculture model consisting of RFP-labeled chemoresistant OCSC2 and GFP-labeled chemosensitive OCC2. The cocultures, which were comprised of 50% RFP-OCSC2 and 50% GFP-OCC2 at the time of the treatment, were exposed to TRX-E-002-1, cisplatin, or the combination of both. As GFP-OCC2 has faster doubling time than RFP-OCSC2 (9), it overtook the control cocultures by the end of the experiment and thus the control cocultures are mainly comprised of GFP-OCC2 by the 24-hour time point ( Fig. 2A) . Cisplatin mainly affected GFP-OCC2, as evidenced by a decrease in the number of GFP þ cells (Fig. 2B , left) but had no effect on the number of RFP þ cells (Fig. 2B , right), demonstrating a lack of efficacy against the chemoresistant OCSC. Conversely, TRX-E-002-1 markedly reduced the number of both GFP-OCC2 and RFP-OCSC2, indicating that TRX-E-002-1 is highly potent against both ovarian cancer cell subtypes. The addition of cisplatin to TRX-E-002-1 enhanced the overall cytotoxic effect. These results suggest that the combination TRX-E-002-1 and cisplatin could be more effective in targeting heterogeneous ovarian cancer tumors.
TRX-E-002-1 is effective in inducing death in 3D ovarian cancer spheroids Spheroids represent a 3D in vitro tumor model of multiple cell layers that mimic tumors in vivo. In ovarian cancer, spheroid cultures not only mimic ovarian solid tumors, but also ovarian cancer cells found in malignant ascites. Spheroid cultures allow us to test the capacity of compounds to diffuse through multiple layers of cells and induce cell death. More importantly, it allows us to test the efficacy of treatment against the mesenchymal cancer subtype. We previously showed that spheroid formation is a function of OCSCs and that this correlates with the acquisition of a mesenchymal phenotype, augmented migratory capacity, and enhanced chemoresistance (32) . Thus, we tested the ability of TRX-E-002-1 to induce cell death in 3D spheroid cultures of OCSC2 by monitoring spheroid integrity using kinetic imaging. Compared with control, TRX-E-002-1 is able to significantly decrease the amount of intact spheroids in a dose-dependent manner (Fig. 2C) and is able to induce the collapse of their structure ( Supplementary  Fig. S2B ). This is even more evident when we use GFP þ OCSC2
spheroids. Although the control spheroids maintained structural integrity through time ( Fig. 2D ; Supplementary Movie S2A), TRX-E-002-1 was able to penetrate the multicellular layers of the spheroids and induce cell death in a time-dependent manner ( Fig. 2D ; Supplementary Movie S2B).
TRX-E-002-1 prevents OCSC recurrence in vitro One of the main characteristics of OCSCs is their ability to overcome the cytotoxic effect of chemotherapeutic drugs even after 24 hours of treatment in vitro (35) . To determine whether the cytotoxic effect of TRX-E-002-1 is sustained even after its removal, we treated OCSC2 with equivalent doses of TRX-E-002-1 or cisplatin for 24 hours and then removed the treatment allowing the culture to recover in growth media for another 48 hours. Our data show that in contrast to cisplatin, TRX-E-002-1 induced a persistent cytotoxic effect on OCSC2, and cells were not able to recover growth potential after 24 hours of treatment ( Fig. 3A and B) .
Next, we evaluated the minimum dose and time necessary for TRX-E-002-1 to confer a sustained cytotoxic effect. Thus, OCSC cells were exposed to different concentrations of TRX-E-002-1 for 2 hours and then allowed to recover in growth media for another 48 hours. We observed that 2 hours of exposure to 2.45 mmol/L of TRX-E-002-1 was sufficient to induce a sustained cytotoxic effect ( Fig. 3C and D) . However, when the concentration of TRX-E-002-1 was decreased to 0.245 mmol/L, 2 hours of exposure was not enough, and the cells were able to recover and resume proliferative potential ( Fig. 3C and D) . These results suggest that the molecular changes induced by TRX-E-002-1 during the 2-hour exposure with 2.45 mmol/L TRX-E-002-1 may be the key event responsible for its efficacy.
TRX-E-002-1-induced cell death is associated with phosphorylation and increased expression levels of c-Jun
To elucidate the early pathways responsible for the sustained cytotoxic effect observed with TRX-E-002-1, we performed a phosphokinase array that can detect relative phosphorylation levels of 43 different kinases involved in major signal transduction pathways. Compared with controls, cells treated with TRX-E-002-1 showed higher levels of phosphorylated c-Jun (p-c-Jun) and lower levels of phosphorylated-ERK (p-ERK; data not shown). These findings were validated by Western blot analysis, which showed a time-dependent increase in p-c-Jun accompanied by a time-dependent increase in total c-Jun (Fig. 4A) . The Western blot analysis results also validated the decrease in p-ERK in cells treated with TRX-E-002-1. Interestingly, at baseline, the cells demonstrated cyclic ERK activation as evidenced by recurring upregulation and downregulation of p-ERK levels in no treatment controls through time. The effect on the phosphorylation status of the kinases (upregulation of p-c-Jun and downregulation of p-ERK) was observed as early as 2 hours posttreatment and maintained up to 24 hours (Fig. 4A) . Interestingly, the phosphorylation levels of c-Jun and ERK correlate with the differential ability of the two doses of TRX-E-002-1 to induce a sustained cytotoxic effect. As shown in Fig. 3B , treatment with 2.45 mmol/L TRX-E-002-1 for only 2 hours was enough to induce a sustained cytotoxic effect in OCSCs. This correlates with the ability of this dose of TRX-E-002-1 to maintain the upregulation of p-c-Jun and downregulation of p-ERK even when the compound is removed (Fig. 4B) . In contrast, cells treated with of 0.245 mmol/L TRX-E-002-1 were able to recover proliferative potential (as shown in Fig. 3C ) and were not able to sustain the increase in p-c-Jun and the decrease in p-ERK. As such, when the compound was removed after 2 hours, we observed that p-c-Jun and p-ERK returned to levels close to baseline (Fig. 4B) . These data show that the sustained upregulation of p-c-Jun and downregulation of p-ERK are associated with TRX-E-002-1-induced cell death.
JNK is a stress-activated protein kinase and the main kinase that phosphorylates c-Jun (41) (42) (43) . To determine whether the JNK/Jun pathway is required for TRX-E-002-1-induced cell TRX-E-002- death, we used the JNK inhibitor, SP600125, which is a reversible ATP competitive inhibitor selective for JNK 1, 2, and 3 (44) . Thus cells were treated with TRX-E-002-1 in the presence or absence of SP600125. As shown in Fig. 4C , TRX-E-002-1 induced a significant increase in p-c-Jun, and this is abrogated with cotreatment with SP600125. In contrast, SP600125 did not affect the ability of TRX-E-002-1 to downregulate p-ERK, suggesting specificity of its activity against the c-Jun pathway (Fig. 4C) . Determination of the effect on cell death showed that SP600125 cotreatment is able to rescue OCSCs from TRX-E-002-1-induced cell death (Fig. 4E ). These results demonstrate the importance of c-Jun phosphorylation in TRX-E-002-1-induced cell death.
To determine the importance of downregulating the levels of p-ERK, cells were treated with U0126 to recapitulate the effect of TRX-E-002-1 on the ERK pathway. Western blot analysis showed that U0126 is able to downregulate the levels of p-ERK comparable with levels induced by TRX-E-002-1 (Fig. 4D) . However, the effect of U0126 on cell death is not comparable with the effect of TRX-E-002-1 (Fig. 4F) , suggesting that inhibition of the ERK pathway may not be relevant for the survival of OCSCs and, in addition, may not be required for TRX-002-1-induced cell death.
TRX-E-002-1 activates the apoptotic cascade
We then sought to determine whether the apoptotic pathway is involved in TRX-E-002-1-induced cell death. We assessed the activity of caspase-3/7 as well as caspase-9 at 2, 4, 6, 8, 16, and 24 hours posttreatment. TRX-E-002-1 was able to induce a significant increase in both caspase-3/7 ( Fig. 5A ) and caspase-9 ( Fig. 5B ) activity at 16 and 24 hours after treatment. These results demonstrate that TRX-E-002-1 is able to activate the apoptotic cascade in the chemoresistant OCSC cultures.
To determine the requirement for c-Jun activation in TRX-E-002-1-induced apoptosis, we used siRNA to knockdown cJun in chemoresistant OCSC. In cells transfected with scramble siRNA, we observed that, similar to results obtained with wild-type OCSC cells, TRX-E-002-1 is able to upregulate the levels of phospho-c-Jun and total c-Jun within two hours of treatment. This upregulation is maintained even when treatment was removed and cells were allowed to recover (Fig. 5C ). The steady increase in the levels of phospho-c-Jun and total c-Jun in cells treated with TRX-E-002-1 correlates with the appearance of cleaved/active caspase-3. In contrast, in cells wherein c-Jun was knocked down, although TRX-E-002-1 is still able to upregulate the levels of phospho-c-Jun and total c-Jun compared with no treatment control, these TRX-E-002-1 treatment prevents in vitro recovery. A, OCSCs were treated with TRX-E-002-1 (2.45 mmol/L) or cisplatin (2 mmol/L) for 24 hours and allowed to recover in fresh growth media for another 48 hours. Note that in contrast to cisplatin, TRX-E-002-1 treatment prevented the recovery of OCSCs. B, composite images of OCSCs after 24-hour treatment and subsequent recovery. C, OCSCs were treated with increasing concentrations of TRX-E-002-1 for 2 hours and allowed to recover in fresh growth media for another 48 hours. Note that treatment with 2.45 mmol/L TRX-E-002-1 for only 2 hours is able to induce a sustained cytotoxic effect. D, composite images of OCSCs after 2-hour treatment and subsequent recovery. levels are significantly less than observed in cells with scramble siRNA. Consequently, cleaved/active caspase-3 is not detectable.
In vivo activity of TRX-E-002-1 in an intraperitoneal ovarian cancer xenograft model
We previously described an intraperitoneal recurrent ovarian cancer xenograft model established using ovarian cancer cells stably expressing mCherry fluorescence. This allows the detection of intraperitoneal tumors and real-time measurement of response during the course of treatment (35) (36) (37) . This model recapitulates the clinical profile typically seen in patients with ovarian cancer and allows us to answer three distinct questions: (i) in vivo activity of TRX-E-002-1 against primary disease; (ii) ability of TRX-E-002-1 given in combination with chemotherapy to prevent/delay recurrence; and (iii) ability of TRX-E-002-1 given as maintenance after chemotherapy to prevent/delay recurrence.
To determine the activity against primary disease as well as to determine the MTD, we performed a dose-response study. Mice receiving 150 mg/kg TRX-E-002-1 given i.p. three times weekly showed a significant decrease in tumor burden by the tenth dose, but response was accompanied by signs of toxicity (i.e., decreased mobility, weight loss, and neutropenia; Supplementary Fig. S3 ). In contrast, the lower doses of 50 and 100 mg/kg given daily i.p. maintained the compound's efficacy without the toxicity observed at the higher dose ( Fig. 6A and Supplementary Fig. S4 ). Thus, mice receiving 50 mg/kg TRX-E-002-1 showed a significant reduction in tumor burden compared with vehicle control starting at day 14 (P ¼ 0.0004), and mice receiving 100 mg/kg TRX-E-002-1 demonstrated significant reduction in tumor burden starting at day 10 compared with vehicle control (P < 0.0001). These significant reductions in tumor burden were maintained until the end of the treatment (Fig. 6A) . Measurement of residual disease at the completion of the treatment showed a dose-dependent effect with mice TRX-E-002-1 Prevents Ovarian Cancer Recurrence www.aacrjournals.orgreceiving daily 100 mg/kg TRX-E-002-1, demonstrating the best response and very little residual disease (P < 0.0001, compared with vehicle control; Fig. 6B and Supplementary Fig. S5A ). Molecular analysis of these residual tumors showed the upregulation of both p-c-Jun and total c-Jun (Supplementary Fig.  S5B ). At this dose, we did not observe the neutropenia associated with the 150 mg/kg dose and observed only marginal weight loss ( Supplementary Fig. S4 ). Although no animals required euthanasia due to morbidity, TRX-E-002-1 at 100 mg/kg daily was associated with abdominal distension, which was observed in 60% of animals at necropsy and primarily occurred in the cecal area. Animals were however able to recover from the distension upon cessation of treatment. These results demonstrate that TRX-E-002-1 given i.p. at 100 mg/kg daily was most efficacious and relatively well tolerated with no morbidity requiring euthanasia. Thus, we established the MTD at daily 100 mg/kg i.p., and this dose was employed for the succeeding studies employing combination treatment.
Addition of TRX-E-002-1 to cisplatin decreases tumor kinetics
Survival of chemoresistant OCSCs after chemotherapy has been attributed to disease recurrence and poor survival (9) . We showed in our in vitro studies that the combination of TRX-E-002-1 and cisplatin was effective at targeting the heterogeneous cell culture comprised of chemosensitive and chemoresistant ovarian cancer cells. Thus, we next determined the value of adding TRX-E-002-1 to standard of care by comparing cisplatin monotherapy, TRX-E-002-1 monotherapy, or the combination. Animals received a total of 16 daily doses of TRX-E-002-1 (100 mg/kg) and 3 weekly doses of cisplatin (5 mg/kg), after which they were allowed to recover and continuously monitored. At day 47, 100% of the control animals and 80% to 83% of the animals receiving monotherapy reached the maximum allowed intraperitoneal tumor burden (as determined by ROI; Fig. 6C ). In contrast, none of the animals in the combination group reached the maximum tumor burden (Fig. 6C) . Thus, our results show that the combination of TRX-E-002-1 and cisplatin is able to decrease tumor kinetics better than monotherapy.
TRX-E-002-1 given as maintenance treatment after paclitaxel delays recurrence Although the standard of care for ovarian cancer patients (platinum plus taxane) is effective initially, most patients develop recurrent disease (45) . Recurrence is the major cause of mortality in ovarian cancer patients, and therefore, approaches that can prevent recurrence are critical to improve patient survival. As described previously, a unique advantage of our xenograft model is the recapitulation of recurrent disease that is typically observed in patients with ovarian cancer. As such, carcinomatosis is always observed and more importantly, although animals initially respond to paclitaxel, with some exhibiting complete response (i.e., no visible mCherry fluorescence detected by imaging), tumors eventually recur once paclitaxel treatment is terminated. Upon recurrence, tumors acquire resistance and become unresponsive to a second round of paclitaxel regimen (46) , as observed in ovarian cancer patients. Therefore, the model allows us to assess the value of novel compounds in preventing recurrence when given as maintenance treatment. Thus, mice were given paclitaxel as initial treatment. Similar to our previous observation (35) , this resulted in a significant delay in tumor progression ( Fig. 6D and E) . After the fourth dose of paclitaxel, mice were rerandomized into the different maintenance groups. TRX-E-002-1 activates the caspase cascade and requires c-Jun activation. A and B, OCSCs were treated with 0.245 mmol/L TRX-E-002-1; samples were collected at designated time points, and caspase-3 and caspase-9 activity was quantified by CaspaseGlo Assay. Ã , P < 0.0001 compared with no treatment control. C, OCSCs were transiently transfected with scramble siRNA or specific siRNA for c-Jun, treated with 2.45 mmol/L TRX-E-002-1 for 2 hours, and allowed to recover in growth media at designated time points (in hours). Note that TRX-E-002-1-induced increase in levels of total and p-c-Jun is lower in cells transfected with siRNA for c-Jun; this correlates with the absence of active caspase-3. RLU, relative luciferase units.
Here, the maintenance protocol consisted of continued treatment with paclitaxel, maintenance with TRX-E-002-1 (100 mg/kg), or maintenance with vehicle control. As is observed in patients who relapse with drug-resistant disease, tumor progression was observed in the group maintained with paclitaxel, indicating the tumors had acquired paclitaxel resistance. In contrast, daily intraperitoneal maintenance with TRX-E-002-1 was able to effectively retard tumor proliferation. Analysis of ROI area showed that by day 35, tumor burden in the TRX-E-002-1-maintained group was significantly less than the group maintained with paclitaxel (P ¼ 0.003; Fig. 6E ). Tumor weights at the endpoint were also significantly reduced in the TRX-E-002-1-maintained group compared with control (P ¼ 0.008), but not in paclitaxelmaintained group when compared with control (P ¼ 0.2052; Supplementary Fig. S5C ). Gross examination of residual disease showed that mice maintained with paclitaxel and mice maintained with vehicle had visible carcinomatosis and extensive metastasis in the diaphragm, peritoneum, and adipose tissue. In contrast, in mice maintained with TRX-E-002-1, we observed microscopic metastasis mainly in the adipose tissue (data not shown). Animals appeared to tolerate this schedule of TRX-E-002-1 with no signs of disease or morbidity requiring euthanasia. Taken together, our results demonstrate the value of TRX-E-002-1 in the first-line setting as an addition to standard of care and also in the maintenance setting as an adjuvant treatment after the completion of first-line standard of care.
Discussion
We describe in this study the identification of TRX-E-002-1, a novel SBP molecule with significant potency against relevant in vitro and in vivo models of ovarian cancer. We identified TRX-E-002-1 by screening different structural modifications of the parental SBP scaffold against the chemoresistant OCSCs and further validated its antitumor activity on different ovarian cancer cell subtypes and an orthotopic ovarian cancer xenograft model. We showed that it mainly affects c-Jun phosphorylation and enhanced expression, leading to caspase activation and cell death. The efficacy was demonstrated in vivo in a highly resistant ovarian cancer animal model in the treatment of primary disease, both as monotherapy and in combination with cisplatin. We also showed its value in maintenance therapy, wherein it is able to curtail tumor kinetics and consequently delay disease recurrence. The survival rate in ovarian cancer has not improved since the introduction of combination chemotherapy several decades ago. Although effective in the treatment of primary disease, patients eventually recur and present with chemoresistance and carcinomatosis (45) . Current studies suggest that recurrence is caused by the regrowth of the surviving inherently chemoresistant cancer stem cells that persisted during chemotherapy. The expansion of this chemoresistant cancer cell population, coupled with prosurvival modifications induced by the pressure of treatment, is thought to be responsible for the development of chemoresistant recurrent disease (10) . Heterogeneity of ovarian tumors is not only limited to the presence of different epithelial cell subtypes with differential stemness potential, but also in the presence of different cancer cells with varying stages of mesenchymal status and migratory/invasiveness potential (9, 47) . Therefore to improve survival, a practical approach is the use of novel therapies that can induce cell death in these various subtypes of ovarian cancer cells. Indeed, we demonstrate that TRX-E-002-1 is able to induce cell death in chemoresistant CD44
þ OCSC clones, as well as in chemosensitive CD44
À /MyD88 À ovarian cancer cell lines both when grown separately or in cocultures, which mimic tumor heterogeneity. Moreover, we show that TRX-E-002-1 is potent against ovarian cancer cell spheroids and can induce the fragmentation of these 3D cultures.
The ovarian cancer xenograft model used in this study recapitulates the clinical profile observed in patients, such as carcinomatosis and the initial responsiveness to chemotherapy with subsequent presentation of chemoresistant recurrent disease (35) (36) (37) . As part of first-line treatment, we demonstrated the efficacy of TRX-E-002-1 given as a monotherapy, and as part of combination treatment. We also showed that it is not antagonistic to current standard of care and can improve outcomes in mice. As part of maintenance therapy, TRX-E-002-1 is able to delay recurrence when given after chemotherapy. By decreasing tumor growth kinetics in recurrent disease, TRX-E-002-1 treatment resulted in lower tumor burden, which can significantly improve surgical debulking. This is important as the capacity of surgeons to perform optimal debulking and minimize residual disease has been shown to directly correlate with survival and is the best prognostic factor in ovarian cancer (48) .
Molecular analysis demonstrates the opposing effect of TRX-E-002-1 on the Jun pathway and the ERK pathway. Interestingly, despite the high levels of baseline ERK activation, the ovarian cancer cells tested do not depend on ERK signaling for survival. Thus, although TRX-E-002-1 can significantly downregulate the levels of p-ERK, simulating ERK inhibition using a MEK inhibitor did not lead to cell death. These results have clinical implications, especially in patients with low-grade serous ovarian cancer, wherein the Ras/Raf pathway is mutated (49) . It is possible that these mutations, or any other epigenetic changes that can lead to elevated baseline levels of p-ERK, may not necessarily be significant drivers of the disease.
TRX-E-002-1-induced cell death instead is associated with the persistent activation and enhanced expression levels of c-Jun. cJun is involved in cellular processes as diverse as proliferation, differentiation, and death (50) . In most cells, c-Jun is regulated by phosphorylation, which can be initiated by multiple stimuli. The eventual outcome from this wide range of inputs to c-Jun further depends on the cell type and current cellular state. It has been demonstrated that to activate cell death pathways, c-Jun activation and stabilization should be persistent instead of transient (51) . Indeed, this is what we observed during TRX-E-002-1-induced cell death. Phosphorylation of c-Jun occurs as early as 2 hours and persisted up to 16 to 24 hours when significant caspase activation and cell death has occurred. This is accompanied by steady increase in the levels of total c-Jun, which may be due to a combination of transcription/translation of new protein and stabilization of already occurring c-Jun proteins (50, 52) . The mechanism by which TRX-E-002-1 stabilizes c-Jun is currently under investigation.
It is important to emphasize that at specific doses, TRX-E-002-1 can persistently activate c-Jun even when cells are exposed for only a short period of time. In cells treated with 2.45 mmol/L of TRX-E-002-1 for 2 hours and allowed to recover in growth media, phosphorylation of c-Jun as well as total levels of c-Jun steadily increased. This highlights the importance of reaching the optimal dose and time of exposure in vivo and suggests the value of c-Jun as a biomarker for response. Indeed we show that c-Jun phosphorylation can be detected in vivo.
In conclusion, we describe a complete preclinical study justifying the use of TRX-E-002-1 in ovarian cancer. The compound may fill the current need for better therapeutic options in the control and management of recurrent ovarian cancer and may help improve patient survival. Results from in-human trials will conclusively show the value of TRX-E-002-1 in ovarian cancer and possibly other types of intra-abdominal cancers. 
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